A 60-kilodalton (kDa) 
Legionella pneumophila is an invasive facultative intracellular parasite and a cause of acute pneumonitis in humans. The bacteria are ubiquitous in aquatic environments and may be spread to humans via aerosols (43) . The bacteria reside within the phagosomes of alveolar macrophages (20, 22) , where they multiply and produce localized tissue destruction, presumably via export of an exoprotease exhibiting cytotoxic activity (24) . Resistance to and survival from this disease requires an active cellular immune response (6, 21, 23, 25, 33) . In this regard, macrophages activated in vitro by gamma interferon treatment (2, 32, 33) or in vivo with Mycobacterium bovis BCG (14) inhibit the intracellular multiplication of L. pneumophila. The exoprotease has been recently demonstrated to elicit a protective cellular immune response in guinea pigs (4) .-However, results from other studies (25, 33) suggest that additional bacterial cell-associated factors may play a prominent role in cellular immunity.
Cellular immunity plays an important role in other diseases involving intracellular parasites (30, 42, 44) . Initial studies with the mycobacteria (5, 31, 38, 39, 44 ) and more recently with other bacterial pathogens (16, 19, 30, 42) identified heat shock proteins (HSPs) or stress-induced proteins as major humoral and cellular immune antigens. These proteins are highly conserved through evolution and are functionally similar in all living organisms (1, 11, 18, 40) . Members of the HSP family have been termed molecular chaperones or polypeptide chain-binding proteins on the basis of their ability to assist the renaturation of unfolded or improperly folded proteins (i.e., denatured by thermal stress) (12, 13, 18, 34) or to chaperone proteins destined for translocation through biological membranes (8, 9, 28) . It is proposed that bacteria become stressed through interaction with host immune defenses, especially after phagocytosis (26, 44) . The heat shock genes are turned on, and these proteins accumulate, are processed by host cells, and presented to the immune system. Autoimmune diseases, such as adjuvant arthritis in rats (41) and rheumatoid arthritis (44), can be initiated after continued exposure of the host immune system to HSPs which are released during chronic microbial infections. Moreover, cross-reactive autoimmune epitopes have been identified in eucaryotic homologs of GroEL (11, 26) . The extent to which the HSPs, particularly the 60-kilodalton (kDa) GroEL proteins, are expressed by intracellular bacteria may be a determinative factor either in the resolution of disease and development of immunity or in the initiation of autoimmune disease.
In a previous study, we reported the cloning and characterization of a gene (htpB) from L. pneumophila coding for a 60-kDa HSP (19) , a major humoral antigen of legionellosis (17, 37) . The fact that the L. pneumophila 60-kDa antigen exhibited immunological cross-reactivity with the mycobacterial 65-kDa antigen (39) and with GroEL (29) , led us to examine whether this protein was antigenic for T lymphocytes. We report that the 60-kDa HSP is antigenic in a mixed-lymphocyte proliferation assay and that the protein is expressed from an operon similar to the groE operon of Escherichia coli (18) . In addition, indirect fluorescent antibody studies provide preliminary evidence suggesting that the 60-kDa immunodominant protein may be expressed on the surface of intracellular bacteria.
MATERIALS AND METHODS
Bacterial strains and growth. L. pneumophila SVir was used as the source of chromosomal DNA for construction of a cosmid library in pHC79 as previously described (19 Fig. 1 . The first codon (ATG) for htpA begins 1024 bases in from the leftward EcoRI site and is preceded by a Shine-Dalgarno ribosome-binding site. A consensus heat shock promoter sequence (-35 region is cccttgaa and -10 region is cccatat) was detected upstream of the htpA ORF. The htpA ORF codes for a polypeptide of 96 amino acids. The initiation codon for the htpB ORF begins 25 nucleotide bases downstream of htpA and is preceded by a ribosome-binding sequence. The ORF encodes a polypeptide of 550 amino acids and is terminated by a TAA codon followed thereafter by a palindromic sequence resembling a rho-independent transcription terminator. Northern blot analysis (ca. 2-kb message [data not presented]) confirmed the operon structure which is similar to the groE operon of E. coli (18) . The N-terminal sequence of the purified recombinant 60-kDa protein confirmed the deduced amino acid sequence except for the start of the polypeptide. The N-terminal amino acid of the purified protein was alanine, indicating that the deduced Met-Ile-Met N-terminal sequence must be cleaved posttranslationally. Alternatively, the second ATG codon, located 9 to 11 bases downstream from the Shine-Dalgarno sequence may be the likely translation start for the polypeptide. The N-terminal methionine is subsequently removed posttranslationally in E. coli, resulting in a mature protein containing 547 amino acids.
The deduced amino acid sequences of several HSPs of the GroEL class were compared (Fig. 2) 60-kDa protein exhibited 76% homology at the amino acid level with the Mycobacterium tuberculosis (38) and Mycobacterium leprae (not depicted) 65-kDa proteins. The homology between the sequences for GroEL and the Coxiella burnetii 60-kDa antigen range from 85 to 87% (42) . The Legionella sp. HtpB sequence also exhibited similarities (ca. 50%) with the Chlamydia sp. 58-kDa protein (30) as well as to various eucaryotic homologs of GroEL (11, 18 ). There are several major regions which are substantially conserved among the presented sequences. These areas lie between amino acids 67 to 123, 238 to 305, and 357 to 420. Interestingly, three of the confirmed T-cell epitopes (underlined sequence of synthetic peptides with specific amino acids of the epitope in boldface type) from M. tuberculosis reside in or near these highly conserved regions. Except for M. tuberculosis, the proteins from the other organisms end with the unusual repeat GGMGGMGGMGGMM, the significance of which is unresolved.
T-cell proliferation assay. Similarities between the L. pneumophila HSP and the 65-kDa HSPs of M. tuberculosis and M. leprae, led us to examine the purified as well as the recombinant 60-kDa antigen for antigenicity in a lymphocyte proliferation assay (Table 1) . Cellular extracts of E. coli JM109 exhibited a mitogenic-like response (similar to concanavalin A), as indicated by uptake of [3H]thymidine on days 2 and 3 after antigen stimulation. The mitogenic response noted with strain JM109 was attributed to type 1 fimbriae, as reported previously (36) . While not shown, the strain was determined to be producing fimbriae by examining the crude cellular extracts for type 1 fimbriae by a competition enzyme-linked immunosorbent assay. For clone JM1O9(pSH16), a similar mitogenic-like response was noted at both concentrations of cellular extract. However, the cellular extract of low protein concentration elicited a primary antigenic response by day 8. This response was similar to that observed with purified 60-kDa protein from L. pneumophila, which did not exhibit a mitogenic response. The toxicity noted with higher concentrations of 60-kDa protein was attributed to residual sodium dodecyl sulfate, since recent studies with 60-kDa protein purified by procedures not using sodium dodecyl sulfate showed that it was not toxic at the levels tested (up to 150 ,ug/ml). Peripheral blood lymphocytes from other human donors also exhibited a similar response to purified 60-kDa antigen (unpublished observations). Additional studies will be required to evaluate antigenic responses by the human population to this antigen. (17, 35) . While HeLa cell controls did not exhibit appreciable fluorescence, we could not rule out the possibility that some of the fluorescence observed with infected HeLa cells might be due to elevated levels of cross-reactive host HSPs. Interestingly, bacteria suspended in DMEM for 1 h also exhibited increased fluorescence, with the SVir strain exhibiting a substantial increase over that observed with the AVir strain ( Fig. 3B and C) . This latter result would suggest that the bacteria can respond to changes in environment as well as to a putative host cell stimulus. L. pneumophila fails to grow in DMEM. The results obtained with a 60-kDa Legionella genus-specific monoclonal antibody were similar to those observed with the polyclonal antibody, except that the immunofluorescence was weaker. The less dramatic results with the monoclonal antibody may be related to the relative concentration of the antibodies used or to the relative accessibility of the epitope. While these preliminary results indicated that the 60-kDa protein might be differentially expressed on the bacterial cell surface, the noted fluorescence could also be attributed to bacterial cell lysis or to disruption of outer membrane integrity by the fixation or permeabilization treatment. Subsequent experiments revealed that the strong fluorescence of the SVir strain was partly due to increased permeabilization of the bacteria by the paraformaldehyde treatment, since bacteria grown on BCYE agar exhibited increased fluorescence over that observed with heat-fixed bacteria (approximately twofold). Prolonged periods of paraformaldehyde fixation (5 to 15 min) of bacteria grown on agar gave results comparable with those observed with infected HeLa cells fixed for 30 s. If paraformaldelyde fixation causes cell lysis, then similarly treated E. coli cells expressing the htpAB operon (pSH16) should also exhibit strong immunofluorescence. E. coli cells fixed with paraformaldehyde and treated with acetone exhibited no immunofluorescence (Fig. 3D) . Since the polyclonal antibody also reacts with GroEL, it appears that neither protein is expressed on the cell surface or in the periplasm of E. coli. These results are consistent with the idea that the 60-kDa antigen may be located in both the periplasm and cytoplasm of L. pneumophila and that agents affecting outer membrane integrity may expose the underlying protein. In E. coli, the recombinant protein appears to be exclusively in the cytoplasm, suggesting a fundamental difference between these genera. DISCUSSION We have sequenced the structural gene (htpB) coding the 60-kDa common antigen of L. pneumophila. htpB and htpA form an operon with htpA located upstream of htpB. Northern blot analysis identified a mRNA transcript of sufficient size to code for the two polypeptides. A consensus heat shock promoter sequence was identified upstream of htpA, confirming an earlier report by us that expression of 60-kDa protein from pSH16 in E. coli K165 required a functional sigma-32 factor (19) . We concluded from the N-terminal amino acid sequence of the purified and that the N-terminal methionine is subsequently cleaved from the final product. The deduced amino acid sequence of both HtpA and HtpB exhibited substantial homology to GroES and GroEL, respectively, of E. coli (18) . Interestingly, the HtpA sequence of L. pneumophila was more homologous to HtpA of C. burnetii (42) than to GroES. HtpB exhibited 85% amino acid sequence homology with GroEL and similarly high homology with the HtpB homolog of C. burnetii (42) . The HtpB protein also exhibited 76% amino acid homology with the 65-kDa proteins of M. tuberculosis and M. leprae. Despite the high amino acid homologies with the E. coli homologs, the cloned operon (pSH16) failed to complement groES and groEL temperature-sensitive mutations in strains G217 and G218, respectively (19) .
The inability of htpAB to complement mutations in E. coli implies that the function of the GroEL class of HSPs may be highly adapted or specialized within a species. By comparing amino acid sequences as depicted in Fig. 2 , it was apparent that the variable domains were nonrandom and that where amino acid differences were noted within highly conserved regions, these changes were usually conservative. The major variable region was located between amino acids 421 and 480, which is in the region coding for the epitope recognized by a Legionella genus-specific monoclonal antibody (19) . Interestingly, epitopes in the mycobacterial 65-kDa protein recognized by cytotoxic T lymphocytes are located in or near the highly conserved regions, raising the possibility that these regions in HSPs of other bacterial species may contain T-cell epitopes, perhaps even cross-reactive epitopes. A comparison of amino acid sequences among GroES-related proteins of L. pneumophila (HtpA) and C. burnetii (HtpA) reveals even more divergence than with the GroEL family of proteins. Further, since GroES and GroEL oligomers form a macromolecular complex (12) , it is likely that the interactions of these proteins are governed by specific amino acid sequences, possibly residing in the variable regions. Finally, the inability of htpAB to complement mutations in E. coli, may indicate that additional proteins may be found to interact specifically with GroEL and GroES.
The L. pneumophila 60-kDa protein was antigenic for a mixed-lymphocyte population from human peripheral blood. The response was attributed to T lymphocytes because of the timing of the response and because of the weak B-cell response noted with tetanus toxoid. It is evident from a variety of studies using animal models for legionellosis that T cells play a prominent role in immunity and survival from infection (6, 21, 25) . In addition to the exoprotease (4), whole cells of L. pneumophila elicit cutaneous delayed hypersensitivity in sensitized animals (25, 33) and cause blastogenesis in splenocyte assays (21, 33) . Moreover, natural killer cells reportedly lyse L. pneumophila-infected monocytes (3). Several groups (2, 6, 21, 23, 32, 33) have clearly established a role for lymphokines, including gamma interferon, in the activation of macrophages. The L. pneumophila exoprotease has recently been established as antigenic for T lymphocytes, and vaccination of guinea pigs with this protein confers protective immunity (4). The exoprotease is not cell associated and is rapidly exported by L. pneumophila (24) . Therefore, a more likely candidate for the cell-associated T-cell antigen is the abundant 60-kDa HSP. Studies are in VOL. 58, 1990 on October 28, 2017 by guest http://iai.asm.org/ Downloaded from progress to determine whether vaccination of guinea pigs with the 60-kDa antigen elicits a protective cytotoxic T-cell response, as has been demonstrated for the exoprotease (4) . Further study will be required to determine which classes of T lymphocytes respond to these antigens. One might predict that the host cellular immune response to L. pneumophila infection would be similar to that reported for mycobacterial diseases for which the HSPs are primary antigens. In this regard, guinea pigs vaccinated with M. bovis (BCG) are protected against lethal challenge with L. pneumophila (14) .
It has generally been assumed that pathogenic bacteria release abundant amounts of HSPs when intracellular in host macrophages. Recent work by Buchmeier and Heffron (7) demonstrated that HSPs are preferentially synthesized by intracellular Salmonella typhimurium organisms. These antigens are then processed and presented to the immune system in a class I restricted manner, as recently demonstrated with the mycobacterial 65-kDa antigen (26) . We present preliminary evidence to suggest that the 60-kDa immunodominant HSP of L. pneumophila may also be synthesized in response to the intracellular environment. However, the response is not necessarily limited to the intracellular milieu, since a similar response was noted with the SVir strain suspended in DMEM. In contrast, the avirulent isogenic strain did not exhibit comparable fluorescence in DMEM, indicating a possible deficiency in the ability of the AVir strain to sense or respond to environmental signals. While no evidence is presented to establish the HSPs as virulence factors, their expression may be coordinate with genes associated with virulence, as suggested by Buchmeier and Heffron (7) . Alternatively, the release of 60-kDa HSP from the periplasmic space after interaction with the host phagosome could be involved in abrogation of phagolysosomal fusion by virtue of its role as a polypeptidebinding protein.
Previous studies did not address a possible periplasmic location for the 60-kDa protein (17, 35) . Further, these studies used unstressed bacteria grown on agar. The results of this study and from our general observations suggest both a periplasmic and cytoplasmic location for this protein. A cell surface location has been suggested or implied for the common antigen (40) of other bacterial species (15, 35) , including Bordetella pertussis and Pseudomonas aeruginosa (35) . In contrast, GroEL of E. coli does not appear to be located in the periplasm or expressed on the cell surface. The idea that the protein may be exported to the periplasmic space and released from the cell surface is proposed as a hypothesis for how this immunodominant protein may be presented to the host immune system. While autolysis may still contribute to release of this antigen from intracellular bacteria, the concept that the protein is constantly released by live organisms would be consistent with the fact that chronic infections often lead to development of autoimmune diseases. Further investigation is required to confirm a periplasmic location and to perhaps identify sequences or additional proteins required for protein export. No obvious signal sequence was identified for HtpB, indicating that the protein may not be exported by conventional mechanisms. Additionally, it will be important to further assess whether a distinguishing difference between virulent and avirulent strains of Legionella is related to increased expression of or selective release of the HSPs to the bacterial surface after the stresses resulting from phagocytosis.
